OPV3-CHO molecules are employed to prepare assembly on highly oriented pyrolytic graphite, and the so-prepared assembly is investigated by scanning tunneling microscopy. In the assembly chiral domains are observed with various structures such as linear and windmill. The chiral structural formation, stability, transition, and possible unification are intensively studied. After thermal annealing, linear structure was the only structure. To achieve a unified assembly with a single structure, an efficient method is proposed by coadsorption of OPV3-CHO with selected molecules. For example, an assembly with side-by-side helix structure is formed by a simple coadsorption of OPV3-CHO with alkyl bromide (C n H 2nþ1 Br, n ¼ 15-18). The experiments by cocrystallization of OPV3-CHO∕ C n H 2nþ1 X (X ¼ Cl, Br, and I) show the important role of halogen bonding in formation of the uniform structure. The results are significant in understanding the intermolecular noncovalent interactions that dominate the surface structure and chirality.
Structure and structural transition of chiral domains in oligo(p-phenylenevinylene) assembly investigated by scanning tunneling microscopy Communicated by Chunli Bai, The Chinese Academy of Sciences, Beijing, China, January 5, 2010 (received for review June 20, 2009) OPV3-CHO molecules are employed to prepare assembly on highly oriented pyrolytic graphite, and the so-prepared assembly is investigated by scanning tunneling microscopy. In the assembly chiral domains are observed with various structures such as linear and windmill. The chiral structural formation, stability, transition, and possible unification are intensively studied. After thermal annealing, linear structure was the only structure. To achieve a unified assembly with a single structure, an efficient method is proposed by coadsorption of OPV3-CHO with selected molecules. For example, an assembly with side-by-side helix structure is formed by a simple coadsorption of OPV3-CHO with alkyl bromide (C n H 2nþ1 Br, n ¼ [15] [16] [17] [18] . The experiments by cocrystallization of OPV3-CHO∕ C n H 2nþ1 X (X ¼ Cl, Br, and I) show the important role of halogen bonding in formation of the uniform structure. The results are significant in understanding the intermolecular noncovalent interactions that dominate the surface structure and chirality.
coadsorption | halogen bonding | surface chirality U nderstanding the formation and structural transition of molecular nanostructure is an important issue in chemistry, molecular science, and nanodevice fabrication. Among various molecular nanostructures, two-dimensional surface chirality is a property of asymmetry and of great interest in fundamental research and industrial application such as life genesis, nonlinear optics, enantioselective heterogeneous catalysis, and surface modification (1) (2) (3) . With atomic resolution, scanning tunneling microscopy (STM) is powerful in surface chirality study (4) (5) (6) (7) . From absolute chirality determination to chiral structure fabrication with chiral molecules or achiral molecules on a solid surface, a few results have been reported (8) (9) (10) (11) (12) (13) . Xu et al. directly observed the chirality of (R)-and (S)-2-phenylpropionamide molecules on Cu(111) in solution by using electrochemical STM (14) . De Feyter et al. studied solvent-induced homochirality in selfassembled monolayers of achiral molecules. The chirality of the solvent directs the macroscopic chirality of the monolayer (15) . After these results, we focus on the current challenge in surface chirality, which includes understanding the underlying driving force for the chiral formation, amplification, transition, and controlling the chiral structure.
Recently, oligo(p-phenylenevinylene) (OPV) and its derivatives have attracted a lot of attention because of their advanced optical and electronic properties and possible application in organic electronic devices (16) (17) (18) . In the present report, an aldehyde-substituted OPV molecule (OPV3-CHO, Scheme 1) is used as a model compound to study its structure on a solid surface. It is found that achiral OPV3-CHO can form chiral domains on highly oriented pyrolytic graphite (HOPG). The OPV3-CHO adlayer is investigated by STM including structural formation, stability, transition, and possible unification of the chiral domains. The OPV3-CHO chiral domains appear in linear and windmill structures. These diversiform chiral organizations can be unified into one chiral structure after thermal annealing. An effective way is proposed to change the chiral structure by cocrystallization of OPV3-CHO with other molecules like that used in molecular engineering, surface science, and supramolecular chemistry (19) (20) (21) ). Here we demonstrate that with coadsorption of OPV3-CHO with alkyl bromides, diversiform chiral structures can be unified into one chirality. A series of alkyl derivatives including chloride, iodide, and alcohol are used. The effect of halogen bonding in the coadsorption is well studied. The results on surface chirality of OPV3-CHO will be significant in the understanding of surface molecular chirality and provide a possible route to control two-dimensional chiral structures.
Results and Discussion
Multiple Chiral Structures of OPV3-CHO. Fig. 1 is a typical large-scale STM image of an OPV3-CHO adlayer on HOPG. The adlayer is composed of three main domains denoted with I, II, and III, respectively, and the domain boundaries are illustrated by white dashed lines. The three domains represent three kinds of chiral patterns: windmill in I, chiral linear in II, and dense windmill in III. The large-scale STM images of the three labeled domains are shown in Fig. S1 .
Windmill Structure. Fig. 2A and B are the high-resolution images showing the details of the windmill structure. It is clearly seen from the images that the adlayer consists of bright rods and four bright rods form a windmill-like tetramer as the basic unit of the molecular assembly. Each bright rod is measured to be ca. 2.0 nm in its length, in agreement with the length of conjugated backbone of the OPV3-CHO molecule. Therefore, one bright rod in the image is corresponding to an OPV3-CHO molecule. The rotating direction of these windmills is clockwise in Fig. 2A and counterclockwise in Fig. 2B , denoted with "R" and "S," respectively. The schematic illustration for the different windmilllike unit is superimposed in Fig. 2A and B by blue arrows and white bold lines. A homochiral assembly in a domain can be recognized. In addition, the dodecyloxy chains of the molecules can be clearly observed in the space between these tetramers. All of the chains interdigitate each other and form a close-packed adlayer. On the basis of the molecular orientation and adlayer symmetry, unit cells of the windmill structure are outlined in Fig. 2A and B with molecular models. Although two unit cells are with the same parameters of a ¼ b ¼ 3.8 AE 0.1 nm and α ¼ 90°, the windmills are in a chiral symmetry. The structural models are tentatively proposed in Fig. 2C and D. In the models, four molecules form a tetramer in a configuration of clockwise or counterclockwise windmill architecture.
A careful observation reveals that there are depressions in Fig. 2A and B as indicated by A with a red square. The depression is located in the center of a tetramer/windmill, consisting of four OPV3-CHO molecules. With theoretical simulation and calculation, it is understood that four aldehydes interact with hydrogen atoms of phenyls in the neighboring molecules and form H bondings with an average distance of 3.2 nm. The details are illustrated in the Insets of Fig. 2C and D. On the other hand, OPV3-CHO molecules are flat-lying on the HOPG surface with a parallel orientation. Alkyl chains also adsorb on the surface and interdigitate each other forming van der Waals (vdW) interaction between the dodecyloxy chains in molecular tetramers and between molecules and the substrate. The hydrogen bonding and vdW force should be responsible for the well-defined two-dimensional adlayer of OPV3-CHO on the HOPG surface.
Chiral Linear Structure. Chiral linear structure is carefully examined by high-resolution STM imaging. Fig. 3A and B are the typical images recorded in the linear chiral area. The STM images are composed of bright rods. Each rod in the image corresponds to an OPV3-CHO molecule. The molecules adsorb on the HOPG surface with parallel orientation and all alkyl chains interdigitate with each other. The rods position side by side and form linear rows as indicated by the white arrows. The structural details are denoted by the superimposed molecular models. Intriguingly, although the molecular arrangement is the same in the images of Fig. 3A and B, the molecular orientation is in mirror symmetry with chirality. A deformed windmill can also be determined as indicated in the image. The assembly chirality in Fig. 3A and B can be decided by the rotation of the deformed windmills as S and R, respectively. R is for clockwise, and S is for counterclockwise. The unit cells are outlined in the two images with the same parameters of a ¼ 2.3 AE 0.1 nm, b ¼ 3.0 AE 0.1 nm and α ¼ 80 AE 2°but different chirality. The tentative models as well as possible H bondings are shown in Fig. 3C and D. The average distance of these H bondings is 3.3 nm, and the angle is 160°. A single molecular line combined by the H bondings is highlighted and shown clearly in the red frame.
Dense Windmill Structure. The structure in domain III of Fig. 1 is a dense windmill-like structure. The high-resolution STM images from the dense windmill structure are shown in Fig. 4A and B. The two images are in chirality. Similar to the image feature in Figs. 2 and 3 , each molecule appears in a bright rod. Each rod can be resolved as three conjoint dots in Fig. 4B , consistent with the molecular structure of three benzene rings in OPV3-CHO. Four molecules form a windmill-like unit. Different from the structure in Fig. 2 , every two windmills can share one molecule as a common blade. Compared with the windmill structure in Fig. 2 , the arrangement of the windmills in Fig. 4 is denser. From the intermolecular distance and molecular arrangement, it can be found that only one dodecyloxy chain adsorbs on the HOPG surface and another chain in an OPV3-CHO molecule points out to the air (10) . It is noted that a domain boundary appears in Fig. 4A as indicated by an arrow. However, the handedness of the windmills is the same in the neighboring domains. On the basis of the above analysis, the structural models are proposed in Fig. 4C and D for a and b, respectively. Unit cells with a parameter of a ¼ b ¼ 3.2 AE 0.1 nm and α ¼ 90 AE 2°are outlined in the models. Because of the limited space, only half of alkyl chains are proposed to lie on surface. The possible H bondings in a windmill are proposed in the Insets of Fig. 4C and D for chiral domain R and S, respectively. The parameters of the H bonds are similar to those in windmill structure in Fig. 2 .
Besides chiral domains, achiral domains are also observed occasionally and called achiral linear structure (Fig. S2) . Compared with the chiral linear structure in Fig. 3 , OPV3-CHO molecules are assembled alternatively along the molecular row, resulting in a racemic organization.
To understand the relationship between molecular chemical structure and self-assembly structure on the HOPG surface, we have studied the assemblies formed with OPV4-CHO and OPV3-C5. It is found that OPV4-CHO molecules form only one windmill-like structure on the HOPG surface (22) . In another parallel experiment, the self-assembly of OPV3-C5, with a short alkyl chain, was also studied. Fig. 5 is a typical STM image showing the adlayer of OPV3-C5 on the HOPG surface. It is seen that the molecules form an ordered assembly with their benzene rings parallel to the HOPG surface. The three benzene rings with depressions in a molecule are clearly revealed in Fig. 5B and in the Inset of Fig. 5B . A single molecule is highlighted to show more details. The alkyl chains interdigitate with each other and organize into a close-packed adlayer. The proposed structural model as well as possible hydrogen bondings is shown in Fig. 5C and D. A rectangular unit cell is defined with the parameters of a ¼ 1.5 AE 0.1 nm, b ¼ 3.1 AE 0.1 nm. For the H bondings, one is 2.9 Å, 154°; another is 3.5 Å, 164°. The structure is a totally new structure different from those in OPV4-CHO and OPV3-CHO. No windmill structure can be corresponded. The structure is achiral. Why can OPV3-CHO molecules form such diversiform structures? The main difference in the three molecules is the difference in length ratio of OPV backbones and side chains. The main interactions in OPV assembly are (i) vdW interaction from the interdigitation of alkyl chains and between molecule and the HOPG substrate and (ii) hydrogen bondings existing between aldehydes and H atoms of phenyls. The structure formed by OPV molecules is dependent on the balance of these interactions. For OPV3-CHO, the length of the backbone and side chain is ∼2.0 nm and ∼1.5 nm, respectively. This length ratio and two aldehydes make diversiform structures possible. For OPV4-CHO, because the backbones become longer to ∼2.5 nm, the unit cell expands, too. Accordingly, only the dense windmill structure is obtained in the self-assembly of OPV4-CHO. If the backbones of OPV4-CHO were similar to OPV3-CHO to form more patterns like chiral linear structure, windmill structure, and achiral linear structure, the dodecyloxy chains would be too short to get interdigitated, and thus none of these patterns would be energetically stable. For OPV3-C5, although the backbone is the same as that in OPV3-CHO, the alkyl chain is shorter. The alkyl chains can extend on the HOPG surface without rotation and well interdigitate each other. The interdigitation of alkyl chains, hydrogen bondings among aldehydes, and hydrogen atoms in backbones of OPV3-C5 molecules and the interaction between the molecule and HOPG substrate stabilize a dense-packed assembly. Therefore, owing to the difference in molecular structure, OPV3-CHO presents multiple structures, whereas OPV4-CHO and OPV3-C5 lack the structural diversity.
Annealing Effect on Chiral Transition. Thermal annealing is an efficient way to control surface structure, including chirality (23) . Fig. 6A is an STM image obtained after heating the adlayer on HOPG at ca. 80°C. This image shows five domains, and all of them are chiral linear structure. It is indicated that thermal treatment makes molecule assembly structures transfer from windmill structure, dense windmill structure, and achiral linear structure into chiral linear structure. In other words, three chiral structures and one achiral structure are uniformed into one chiral structure. The high-resolution STM image in Fig. 6B confirms that the uniform chiral structure is chiral linear structure.
We have calculated surface coverage of these structures and summarized in Table 1 . The coverage of the assemblies increases in an order of achiral linear structure, windmill structure, chiral linear structure, and dense windmill structure. Although dense windmill structure has the highest coverage among these structures, it also becomes disordered and evolves into chiral linear structure. Note that each OPV3-CHO molecule in a dense windmill assembly has only one side chain lying on the surface with another chain pointing out to air. The consequence is that chiral linear structure has both high coverage and strong supramolecular interactions. Therefore, this structure is the most thermodynamically stable one. Intriguingly, when the cocrystallization structure of OPV3-CHO/alkyl bromide (vide post) is heated, it is found that composite structures collapse and OPV3-CHO forms a chiral linear structure again. The results further support the conclusion that the chiral linear structure is the thermodynamically favorable assembly for OPV3-CHO.
Structural Unification by Cocrystallization. Mixing the OPV molecule and alkyl bromide into cocrystallization is proven to be another efficient route to unify the multiple structures of OPV3-CHO. Fig. 7A is a typical large-scale STM image of OPV3-CHO∕ C 18 H 37 Br on HOPG. The equal distant bright lines are seen to distribute orderly on the surface. In the higher resolution STM image of Fig. 7B , it is found that the bright lines consist of short rods, i.e., backbones of OPV3-CHO, arranged in a linear helix fashion. The helix structure contains two enantiomers indicated by R and S. The domain boundary is illustrated by a white dashed line. As a transition, one OPV3-CHO molecule, indicated by the dashed circle, changes its assembly orientation and connects two chiral enantiomers.
In Fig. 7B , the dark area between bright molecular rows is attributed to alkyl chains (22, 24) . Two kinds of alkyl chains are found between the molecular rows. One has a length of ca. 1.5 nm, corresponding to the dodecyloxy chains of OPV3-CHO indicated by red ellipses in the image. Another, located between the dodecyloxy chains of OPV3-CHO, is ca. 2.5 nm in length illustrated with blue ellipses, consistent with the length of the C 18 H 37 Br molecule (24) . There are two C 18 H 37 Br molecules in every rectangular area surrounded by dodecyloxy chains, although it is difficult to determine the orientation of C 18 H 37 Br (24, 25) . Considering the halogen bonding between oxygen and bromide (26, 27) , the two C 18 H 37 Br molecules oriented oppositely in order to get close to the oxygen atoms of aldehyde groups. A rectangle unit cell is outlined with the lattice constants of a ¼ 1.7 AE 0.1 nm, b ¼ 3.9 AE 0.1 nm, α ¼ 90 AE 2°. On the basis of the above analysis, the proposed models for the two enantiomers are shown in Fig. 7C and D. It is concluded that C 18 H 37 Br molecules coadsorb with OPV3-CHO molecules, and the multiple self-assembly structures disappear whereas a uniform chiral helix structure is formed.
Hydrogen bonding plays an important role in molecular structure formation and transition. However, halogen bonding is another noncovalent force between the halogen atom and Lewis base (28, 29) . The halogen atom in a molecule acts as an electron acceptor and a negative site in the Lewis base as an electron donor. Halogen bonding also plays significant roles in a wide variety of biochemical phenomena such as protein-ligand complexation (30, 31) . The significance of halogen bonding has been increasingly understood from the effort of both theoretical chemistry and crystal engineering (32) (33) (34) . Through a series of STM experiments we have investigated the cocrystallization of OPV3-CHO with alkyl bromides and studied the possible roles of halogen bonding. First, we studied the adlayer structures of OPV mixed with alkyl bromides in different length. Alkyl bromides of C n H 2nþ1 Br (n ¼ 15-20) are selected. Fig. S3 Fig. S4 shows, cocrystallization is not observed but phase separation instead. OPV3-CHO molecules form windmill and chiral linear structures, whereas alkyl bromides form lamellar structures separately. On the other hand, when the alkyl bromide is shortened to C 15 H 31 Br, bicomponent linear structure of OPV3-CHO∕ C 15 H 31 Br has also been observed. However, the composite cocrystallization is very unstable, and it is easy to be corrupted during STM scanning, and then OPV3-CHO rebuilds its own structure again (Fig. S4c) . It is concluded that the alkyl bromides longer than C 18 H 37 Br or shorter than C 15 H 31 Br cannot form cocrystallization with OPV3-CHO. The most important reason should be the spatial match between these two molecular blocks.
Besides alkyl bromides, we have also tried other molecules such as alkane and alkyl alcohol. Interestingly, both C 18 H 38 and C 18 H 37 OH induce phase separation when mixed with OPV3-CHO, as shown in Fig. S5 , suggesting that the halogen bond plays a significant role in the formation of the OPV3-CHO/bromides composite structure. Theoretical calculation finds that there is a positive charge, called a σ-hole, on halogen atoms' surfaces (35, 36) . Therefore, the halogen atoms will interact with electronegative groups such as oxygen, nitrogen, hydroxyl, or carbonyl groups (26) . The electrostatic potential map of OPV3-CHO shown in Fig. S6 calculated by the density functional theory (DFT) method reveals that the electrostatically negative positions locate at the oxygen of aldehydes and dodecyloxy chains. It is noteworthy that the introduction of alkyl halides in the assembly does not decrease the strength of the vdW force because all alkyl chains still keep the interdigitation arrangement and lie flat on the surface. However, the introduction changes the fashion in which aldehydes interact. For example, in the windmill structures of OPV3-CHO, molecules organize into a tetramer and aldehydes at the end of the backbone get together. But the aldehydes change to locate closer to the bromides in the structure of OPV3-CHO∕ C n H 2nþ1 Br. As an electron donor, oxygen of the alkoxy group can also interact with the halogen atom. In the assembly of OPV3-CHO∕C 16 H 33 Br, as the alkyl chain shortens, the OPV3 molecules pack loosely and four C 16 H 33 Br molecules locate in the network surrounded by OPV3-CHO. Two of the four C 16 H 33 Br molecules interact with oxygen of the alkoxy group, and the other two interact with oxygen of aldehydes.
With the understanding of the role of halogen bonding in the assembly, we have designed the experiments to use C 18 H 37 Cl and C 18 H 37 I to obtain cocrystallization structure with OPV3-CHO. As expected, the same cocrystallization structure as that of OPV3-CHO∕C 18 H 37 Br forms. The details of STM results are shown in Fig. 8 . The bicomponent structures are similar to that in Fig. 7 . The results demonstrate that halogen bonding helps greatly in the composite assembly of OPV3-CHO and halides.
Conclusion
With STM we have studied the structural stability, transition, and possible unification of the chiral domains in OPV3-CHO assembly. OPV3-CHO is found to form three chiral structures of linear, windmill, and dense windmill and an achiral structure. The polymorphism of the OPV3-CHO adlayer can be attributed to the appropriate length ratio of the backbone and side chain and two aldehyde substitutions. Thermal treatment makes these multiple structures evolve and unify to a single chiral linear structure. On the other hand, cocrystallization with alkyl halides (chloride, bromide, and iodide) in different alkyl lengths makes OPV3-CHO diversiform structures unify into one new helix chiral structure. The halogen bonding between the halogen atom of C n H 2nþ1 X (X ¼ Cl, Br, and I) and oxygen of OPV3-CHO is proposed as one of the driving forces for the structural transition. The role of halogen bonding is systematically investigated including alkyl bromide with different chain lengths and different elements of the halogen group.
Materials and Methods
Chemicals and Substrate. Oligo(p-phenylenevinylene)s substituted by aldehydes at both ends (OPV3-CHO) is home-synthesized as reported before (37 Molecular Adlayers and STM Measurements. A drop of acetone solution containing the OPV3-CHO molecule (<10 −4 M) and OPV3∕C n H 2nþ1 X (X ¼ Br, Cl, I, H, and OH) mixture (1∶3) is directly deposited onto a freshly cleaved, atomically flat HOPG surface. The former is used for the preparation of oligomer chiral assembly, and the latter for tuning structures. In all cases the acetone is evaporated thoroughly before STM measurement. STM experiments are performed with a NanoScope IIIa (Digital Instruments) at ambient conditions. The tunneling tips are prepared by mechanically cutting Pt/Ir wire (90∕10).
Calculation. Theoretical calculations were performed with Materials Studio 3.1 by using DFT as implemented in the DMol3 package. With a maximum distance of 0.35 nm and a minimum angle of 120°, the possible H bondings in the supramolecular adlayer are calculated (38) . 
